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AITITUDE-WIND-TUNNEL INVESTIGATION OF A 3000~POUND-THRUST
AXTAL-FLOW TURBOJET ENGINE
VI ~ ANALYSIS OF EFFECIS OF INLET FRESSURE LOSSES
By Newell D. Senders and John Palasics

SUMMARY

The experimentally determined performance characteristics of
an axlal-flow turbojet engine have been used t 0 estimate t he
effects of |nlet total-pressure | osses on net thrust end specific
fuel consumption at a comstant engi ne gpeed.

At lowaltitudes and £light Mach mumbers, inlet pressure
| 0sses cause an increase | n engine discharge temperature end it is
possible t hat the maximum allowable turbine temperature msy be
exceeded. An inlet absol ute total-pressure loss of 10 percent
will result in a thrust loss of 14 percent and a 15-percent

" increase in #PCIE jc fuel consumption based on net thrust.

At high altitudes and flight Mach numbers, choking conditions
exlst in t he exhaust nozzl e and the inl et pressure losses do not
affect t he di scharge tenperatures. Under these conditioms, a
10-percent | 0Ss in inlet absolute total pressure produces a
22-pexrcent loss i N net thrust and a 16-percent increase in specific

fuel consumption.

If the exhaust-nozzl e-outl et area 1s adj usted to compensate

for the effect of inlet losses on discharge tenperature in the
nonchoking cases (|l ow altitudes and Mach nunbers), the thrust and
fuel consumption will be changed in & mamner similer to the results

obt ai ned in the choki ng cases.

INTRODUCTION
The losses in the inlet air ducts, the diffusers, and the

de-icing equimment associated with turboj et engi ne installations
ceuse a reduction in the total pressure at the inlet of the engine
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and result in reduced thrust and inereased specific fuel consump-
tion. An enalytical evaluation of the effects of inlet | 0Sses on
the net thrust and the fuel econamy of a 3000-pound-thrust axial-
flow turbojet engine with atwo-stage turbine is presented herein.

The anal ysis i s based on engi ne performance cheracteristics
that were determ ned from experiments in t he NACA Cl evel and alti-
tude wind tunnel (referencesl to 5). The experimental investiga-
tlon did not include tests in which inlet |osses were systematically
varied, but the effects of these |osses can be accurately estimated

fram the experinmental |y det erm ned performance characteristics of
t he engine.

SYMBOLS
The follow ng synbols ere used in this report.
A erea, square feet
a vel ocity of sound, feet per second
Ca 4ischarge coefficient
£/a fuel-air ratio
FJ jet thrust, pounds

acceleration of gravity, 32.2 feet per second per second

g
Mg. flight Mach number, V/a
'} engine speed, rmm

P total pressure, pounds per square foot absolute
P

static pressure, pounds per square foot abscolute

ov?

q dynemic pressure, 28’ pounds per square foob
R gas constant, 53.4 foot-pounds per pound per °R
T total ‘temperature, °R

Vv velocity, feet per second

QO TN YRR
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W  mass rate of air flow through engine, pounds per second

Y ratio of specific heats

8 ratio of conpressor-inlet total pressure to static pressure of
NACA standard atnosphere at sea |eve

6 rati o of campressor-inlet absol ute total temperature to
absol ute static tenperature of NACA standard at nosphere at
sea |eve

p density of air, pounds per cubic foot
T engi ne total-temperature ratio, Tq /T2
Subscri pts:

0_ anbient or fres-stream conditions

1 nacell e Inlet
2 conpressor inlet
8 exhaust-nozzle out | et

The data were generalized to NACA standexrd sea-|evel condi-
tions by the following paraneters:

E/~@ corrected engine speed, rpm

EE§5§ corrected air flow, pounds per second

ANATYSIS

Inlet losses influence the turbojet engine in three ways: The
total pressures throughout the engine are reduced amd consequently
the total pressure of the jet is reduced; the temperature of the
jet must be increased to maintain constant engine speed; and the
air flowis reduced approxi mately in proportion to the reduction of
air density at the engine inlet.  Wen the pressure ratio across
t he exhaust nozzl e exceeds the choking value, the tenperature and
pressure ratios across the engi ne are independent of t he inl et
losses. 1In the analyses that follow, different nethods were used
for calculating t he nonchoked (subsonic j et vel ocities) andchoked
cages. |n all oases the engine speed was hel d constent ata value

of 11,500 rpm.

@EIFTIENTIAD
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Nonchoked exhaust nozzle. - The turbojet engi ne wes treated as
a pump fOr raising the total pressure and-tenperature of the air
and the gas-flow characteristics of the engine were matched with
the gas-flow characteristics of the exhaust nozzle.

Engi ne characteristics were determ ned from altitude-wind-
tunnel i nvestigations (references 1 to 5) and axe shown in fig-
ures 1 and 2. The effect of the parameters of altitude, corrected
engi ne speed, effective inlet-pressure ratio Pz/po,ama e&aué&-

nozzle-outlet area on the relation between tenperature and pressure
rati os across the engine i s shown in figure 1. The corrected
engine speeds correspond to a fixed engine speed of 11, 500 rpm at
the selected flight conditions. The variation of corrected air

fl ow with corrected engi ne speed for altitudes of 15,000 and
25,000 feet 18 shown in figure 2.

The air-flow characteristics of the exhaust nozzle were cal -
cul ated £ram the equation

: 2gy 2y 7
I &g 2116 1 P_B(Eg) (fg) ® .
Cafgd (1R /518 (142/a) VT P2z \Po Po

(1)

The relation expressed by this equation is illustrated in
figure 3, in which engine pressure ratio Eb/rz Is plotted as a

function of tenperature ratio T for a series of values of
ccxapressor-inlet corrected air flow per square foot of exhaust-
nozzl e-outl et area and for various val ues of effective inl et
pressure rati o Py/pgye

The flow reguirements imposed simultanecusly by the engi ne
characteristics and the nozzl e characteristics are satisfied at
the intersection of the corresponding curves in figures 1 amnd 3,
respectively. In the thrust computetiona, val ues of engi ne speed
(11,500 rpm),aﬂtitudg, %light Mach nunber, end inlet absol ute

1~2

a1
was calculated and the corrected air flow to the engine was read
from figure 2. The curve in figure 3 correspondingto the selected
effective inlet-pressure rati o, exhaust-nozzle-outlet area

(1.27 sq ft), and nozzle discharge coefficient (0.99) was

__

total - pressure 10ss were assumed. Corrected englne speed
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superimposedont he curve in figure 1 corresponding to the calcu-
lated corrected engine speed, and the pressure and temperature
pati oS across the 'engine were found at the intersection of the two
curves. The eguetion used for calculating jet thrust 1s

7L
7,
Fi WZR?S,/'T' %)
] = e R A - \Fs, (2)

Choked exhaust nozzl e. -Wien the pressure ratio asross the
exhaust nozzl e was greater t han t he choki n% value, the air f| ow and
the pressure and tempereature rati 0os across the engine were a fune-
tion principally of the corrected engine speed and varied only
slightly with altitude end effective inlet-pressure ratio, as shown
by the results of W nd-tunnel investigations in figures 4 to 6.

The val ues used in the anal ysis were taken from the dashed curves
in these figures at the corrected engi ne speed corresponding toan
actual engine speed of 11,500 rpm atthe selected altitude and
flight Mach nunber. The Jet thrust was calculated from the follow-
ing equation, which is applicable to a convergent nozzle

78-1-1

2278-—15

Ry 7+1) P
= 4/.___3_ 8 _ 2 -2
Fa=¥ 783(2 R Y (s)

DISCUSSION

Results of the analysis are presented as the loss. in net
thrust and the increase in specific fuel consumption based on net
thrust that accompany the varying | 0ss in inlet absol ute total

. P_-F
pressure. A chart for converting rem-pressure recovery | & .2.)

to inlet absolute total-pressure loss is given in figure " for
flight Mach numbers up to 1.0.

SEXITTENTTAL
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Nonchoked exhaust nozzle. -Wien the exhaust nozzl e was not
choked, a [ 0SS Of iniet absolufe total presaure reduced the jet
thrust in proportion t 0 t he reduetion'in air fl ow and t he reduction

Yol

P
in the pressure-rati o funotion 1= (FO-) 78 , and inoreased the
a 3
jet thrust in proportion to the increase in the square root of the
over-all tenperature ratio. As en example, the effects of a
| 0- percent [ oss in inlet absol ute total pressure at a flight Mach
mumber of 0.4 and en altitude cd? 15,000 feet are shovvn inthe
following table:

Pressure ratio, Palpo, noloss . . . . . . . . . . . . .. 1675
Tenperature ratio, Tgffy, no loss . . . . . . . . . . . . . 262

Percentage change caused by |o-percent
i nl et absol ut e total-pressure | 0SS

Pressure-rati o reduction, percent 6.0
Tenperature-ratio Increase, pergent . 6.3
Reduction of net thrust per unit

rate of airflow, percent I ¢
Alr-flow reducticn, pexcent. . . . . . . . . . . . . . . 10.0
Met-thrust reduction, pexcent . . . . . . . . . . . . . . . 13.7

The pressure-ratio reduction is only 6 percent because the pressure
“ratio across the engine increases wth increasing tenperature ratio.

The relation of thrust | oss to inlet absol ute total - pressure
| oss was approxi mately lineexr (fig. 8). The change i n temperabure
ratio T across the engine as the inlet losses increased are indi-
cated on the curves. If the exhaust-nozzle area were selected to
gi ve maximum thrust with nmo inlet |osses, the inlet |osses would
cause the tenperature to rise above the maximm al | owabl e val ue.

Choked exhaust nozzle. - When a choking condition existed in

t he exhaust nozzle, Inlet [osses no |onger caused en increase in
the over-all tenperature rati 0 and there Was no longer =n increase
in t hrust from increasing temperature end pressure ratio across the
engi ne to partly offset the effects of inlet pressure and air-flow
| osses. For exanple, at an altitude of 15,000 feet and a flight
Mach nunber of 0.8, choking conditions existed; and the effects of
a lo-percent [oss of inlet absolute total pressure are shown in the
following t abl e:
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Pressure ratio, ]?/po, noloss . . . . .. .. ... . 1.84

Percent age change caused by | 0-percent |nI et
absolute total-pressure |o0ss

Pressure-rati o reduwetion, percent . . . . . . . . . . . . . 10.0
Reducti onof net thrust per umitb

rate of air flow pexrcemt . . . . . . . . . . . . . . . . 14.0
Atr-flow redustion, percemt . . . . . . . . . . . . . . . . 10.0
Ret -t hrust reductlon, percent . . . . . . . . . . . . . . . 225

The t hrust | 0Ss WssS espproximately proportional to the i nl et
absolute total-pressure loss, ss shown in figure 8 for flight at an
altitude of 15,000 feet and &6 Mach numbers of 0.4 and 0.8. The
departure fram proportionallty at the higher Mach number when the
inlet absolute total-pressure |oss exceeded 10 percent resulted
because t he pressure at the exhaust nozzle fell bel ow the choking
value and same increasse in temperature sccompanied increasing
| osses.

Specific fuel cons‘mnp‘bion. - The specific fuel consunption is
inversely proportional Go the thrust per unit rate of air flow and
directly proportional to the fuel-air ratio. The fuel-air ratio i s
proportionalto T- 1. At en altitude of 15,000 feet and a Mach
number of 0.4 (fig. 8, nonchoked nozzle), an inlet absolute total-
pressure | 0Ss of 10 percent reduced the thrust per unit rate of air
flow by 4 percent, but a 6.3-percent increase in temperaturs resulted
in alo-percent increasse in fuel-air ratio. The over-all increase
i n specific fuel consumption was therefore 15 percent.

Wien the engine is choked at the exhaust nozzle, inlet |osses
cause increases In specific fuel consunption purely through the
reducti on of thrust per unit rate of air flow. In the choked case
previously mentioned (altitude, 15,000 feet; Mach mmber, 0.8}, a
| o-percent |oss of inlet absol ut e tot al pressure reduced the thrust
per unit rate of air flow by 14 percent and the consequent increase
in specific fuel consumption was 16 percent
(l — thr?jst os5 = 1 + specific-fuel-consumption 1norease). The
cl ose agreenent between this value of 16 percent and the val ue of
15 percent for the nonchoked case is coincidental.

Curves showi ng the specific-fuel-consumption increases cor-
responding t0 the thrust |osses are also given in figure 8.

Effect of flight Mach nunber. - Chenging the Mach number
i nfluenced the relation between thrust |ose and inlet absolute
total -pressure | 0ss principally through t he effects of Mach number

QEONFIUENTIAL ]
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on choki ng atthe exhanst nozzle. In figure 8, increasing the Mach
nunber from 0.4 to 0. 8 resulted in an increase of thrust loas from
13.7 percent to 22.5 percent for an inlet absol ute total-pressure
loss of 10 percent. At a Mach number of 0.4, the pressure in the
exhafist nozz|l e was well below choking; and at a Mach number of 0.8,
choki ng occurred i n the exheust nozzl e. Flight Mach number had
relatively little effect On the Increase in specific fuel consump-
tion for a glven inlet absolute total-pressure loss for the condi-

tions O figure 8.

When choki ng conditions exi st ed throughout t he ranges of
flight Mach number ynder comnsideretion, the net thrust decreesed
very slightly with increasing £light Mach number (fig. 9).

Effect of altitude. - Inereasing the altitude of operation of
a Jet engine and hol di ng t he engine speed constant results in
i ncr eased corrected engi ne speed, increesed temperature ratlo, and
increased pressure ratlo. As the pressure rati o approsches choking
i n the exhaust nozzle, t he thrust losses accampanying inlet pres-
sure | osses become more serious, as previously noted. | ncreasing
the altitude from 15,000 t 0 25, 000 feet resulted in &n increased
effect Of inlet absolute total-pressure | oss on thrust. This
effect and t he increase i n specific fuel consumption, which is
greater at en altltude of 15,000 feet than at 25,000 feet, are
showni nfigure 10. This seater increase at the |ow altitude
resulted from a greabter effect of inlet loss on temperaturs ratio
and a consequently greater increase in fuel-air ratio. At alti-
tudes above 25, 000 feet,t he pressure rati o across the exhaust
nozzl e exceeds t he choking value and altitude has only a very smell
effect on t he thrust | 0ss and the specific-fuel-consumption
inorease.

Const ant _temperature and variabl e nozzl e area. - I n cases
wher e the Inlet losses have been evalueted, the alrcraft or engine
designer Shoul d so select an exhaust-nozzle-outlet area that the
maximum allowable temperature will be cobtalned at maximm allow-
abl e engine speed. When the exheust-nozzle area is adjusted to
hol d const ant temperature, inlet losses will affect the thrust by
reducing the air flow and the total pressure at the Jet nozzle.
Consequently, the loss i N t hrust accompanying inlet absolute totel-
pressure losses will be similar to the losses incurred when the
engine is operating at choking conditions. A |o-percent |o0ss of
inlet absolute total pressure W || produce a thrust loss of
approximately 22percent and an increase i n specific fuel condmp-
tion of about 15 percent.

@EOSFITERT AT
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Summary of thrust end fuel consumptions. -The | 0ss in thrust
end t he increase | n specific fuel consumption accompanyinginlet
absol ute total -pressure |osses are summarlzed In figure 11 for the
flight conditions indicated by x in the following table. Data

for conditions marked by Oare given in other figures.

Flight Altitude
Mach
nunmber 0 15, 000 | 25, 000 | 35, 000
0 X
o4 x (0] 0
.8 0 0
1.2 x X X
1.6 e | mme——— 0 X

The variation of | 0SS i n net thrust and incresse i N net thrust
specific fuel consumption with rem-pressure recovery is shown in
figure 12 for an altitude of 15, 000 feet and fli ght Mach numbers of
0.4, 0.8, and 1.2.

SUMMARY (OF RESULTS

The fol | owi ng results are appliceble t 0 t he 3000-pound-thrust
axial-flow turbojet engine i nvestigated at £ixed rotational speeds

1. The thrust loss Was approximately proportional to the | 0SS
of inlet absolute total pressure.

2. When the pressure ratic across the exhaust nozzle was less
than choki ng value, a 10-percent | 0SS of inlet absolute total
pressure resulted | N approximately ld4-percent | 0SS of net thrust
and 15-percent increase in Specific fuel consunption. The dis-
char ge temperature mey i ncrease above maxi numallowable val ue.

3. Whenthe pressure ratio across the exhaust nozzl e exceeded
the choking value, a | 0-percent loss in inlet absolute total pres-
sure resul ted i n approximately 22-percent | 0SS in t hrust and
16-percent incresse in specific fuel consumption. The di scharge
tenperature did not "Change.

4. \When the exhaust-nozzle area was edjusted SO that the dis-
char ge temperature had the maximm allowsble value at each value

ST,
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of inlet pressure | oss, the changes in thrust end specific fuel
consunpt i on accompanying i nl et pressure losses were similer to the
changes when t he engi ne was operating at choki ng conditions.

5. Changes of altitude and flight Mach number influenced the
relation of thrust and specific fuel consunption to inlet pressure
| oss through the effect on the choking condition in the exhaust
nozzle. At |owaltitude and Mach number, t he pressure rati 0 across
the exhaust nozzle was less then the choki ng value; at high alti-
tudes and Mach nunbers, the pressure ratio was greater than the
choki ng value.

Fl i ght Propulsion Reseasxrch Laboratory,
Nati onal Advisory Cammittee for Aeronautics,
O evel and, Ohio, Mexrch 16, 1948.
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